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The Green and Golden Bell Frog Litoria aurea is the subject of a number of population monitoring 
studies to assess its long-term status. However, we question the value of standard monitoring 
strategies for this species.The numbers of frogs detected at a single pond can be highly variable over 
time, creating significant variance in population estimates and so serious difficulties in statistically 
detecting population changes. The species is also believed to exhibit a metapopulation structure 
with natural levels of site extinctions balanced by site colonisations. Traditional monitoring would 
view site declines as serious impacts on the population, but they are insignificant if balanced by the 
colonisations. We believe that population estimates using site occupancy modelling may be a better 
method of monitoring Green and Golden Bell Frog populations. We explore this option, comparing 
it to traditional approaches, and consider that monitoring site occupancy should be time-effective 
and statistically more sensitive in detecting annual trends in populations. We recommend testing this 
approach further with a suitable data set to better determine whether Site Occupancy Modelling is a 
more sensitive means of monitoring Green and Golden Bell Frog populations. 
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Introduction 

The Green and Golden Bell Frog Litoria aurea has 
undergone serious declines throughout its range since 
the late 1970s (Mahony 1999). The current populations 
remain almost exclusively in areas potentially or actually 
subject to many human influences (Pyke and White 
1996), with many being centred around water bodies 
in urban areas or in modified rural landscapes (e.g. 
sandmining sites; Daly 1996). The Green and Golden Bell 
Frog is considered to be a colonising species, populating 
newly disturbed areas and declining in numbers as the 
site ages (Pyke and White 2001). An important issue is 
whether a specific human activity is leading to further 
declines or, alternatively, is the reason for the species’ 
survival. Human activities may be creating suitable 
habitat and if activities are not continued declines may 
occur. Alternatively, these activities may be hastening 
declines by changing currently favourable habitat. Thus, 
monitoring Green and Golden Bell Frog populations is, 
in many cases, a high priority in order to determine if 
they are stable, increasing, or declining and if actions are 
required to assist their long-term maintenance. There 
have been a number of attempts to increase populations 
through habitat creation and suitable monitoring 
programs are essential in assessing the efficacy of habitat 
creation as well as the development of effective recovery 
strategies (DEC 2005). 

One major requirement of any monitoring program is an 
ability to effectively detect changes in populations (de 
Solla et al. 2005; Pellet and Schmidt 2005). Traditional 
statistical methods for determining population 
parameters require repeated counts of populations, 


preferably with accurate estimates of population 
size (Krebs 1989). Common methods employed for 
amphibians include counts of calling males, visual 
encounter surveys to count numbers of individuals, 
and pit-traps (Heyer et al. 1994). When counts used to 
estimate population sizes vary greatly between surveys, 
the estimates of total population size will have wide 
confidence intervals. When this happens it is extremely 
difficult to determine if a large variation in numbers 
counted from one year to the next is a result of a change 
in numbers of frogs present, or the observer’s ability 
to detect the frogs. Some computer programs such as 
MARK (http://www.warnercnr.colostate.edu/~gwhite/ 
mark/mark.htm) (White and Burnham 1999) allow for 
the incorporation of co-variates into the analysis, which 
partially addresses this issue. 

In this paper we examine the potential of Site Occupancy 
Modelling (MacKenzie et al. 2006) as an alternative 
monitoring approach for the Green and Golden Bell 
Frog. We explore the issues faced in developing effective 
monitoring programs for this species and assess the ability of 
different monitoring methods to overcome these issues. We 
do so by firstly examining the elements of Green and Golden 
Bell Frog biology that are of importance for estimating 
population sizes. We then consider how this knowledge fits 
in with the requirements for the currently used monitoring 
strategies and explore the sensitivity of statistical analysis 
to detect population changes. Finally, we explore the basic 
concepts of site occupancy modelling and its relevance and 
potential effectiveness in monitoring metapopulations and 
the Green and Golden Bell Frog. 
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Green and Golden Bell Frog 
Population Biology 

Several elements of Green and Golden Bell Frog 
biology are of importance when developing population 
monitoring. In this section, we provide a brief summary 
of these elements, but refer readers to Pyke and White 
(2001) and Hamer and Mahony (2007) for a more 
complete review of the species’ biology. 

Green and Golden Bell Frogs have a distinct activity season 
lasting usually from September to April. Throughout this 
period male frogs attend breeding sites, calling when 
conditions are suitable (Pyke and White 2001). Female 
frogs migrate to breeding sites to lay eggs and spend only 
a few days per year engaged in this behaviour. Male and 
female frogs may attend several breeding sites in the 
same year and so concentrations of breeding individuals 
at any given site may change between surveys (Goldingay 
and Newell 2005a). Calling and egg-laying are generally 
tied to times during or immediately after rainfall in 
spring and summer. Hence, breeding activity depends 
on the weather and so can vary greatly through a season 
with little activity being evident on most days (Hamer 
and Mahony 2007). In “dry” years, calling and breeding 
may be limited to and scattered over a few weeks of 
time. A broad range of breeding and non-breeding sites 
can be used in an activity season by this species. The 
species has been recorded breeding in ephemeral pools 
and creeks, temporary pools, semi-permanent wetlands, 
large coastal swamps and farm dams (Cogger 2000). 
During the coldest months of the year, individual frogs 
are inactive and difficult to detect, apparently sheltering 
deeply within protected sites such as scree slopes, dense 
vegetation or under wood piles (Hamer et al. 2003). This 
distinct activity period allows for the separation of survey 
seasons or years, allowing for simple assessments to be 
made regarding changes over time. 

When not undertaking breeding activity, individuals 
maintain activity areas close to or overlapping with a 
breeding site. Activity areas vary from less than 100 m 2 
to at least 700 m 2 , depending on the presence of suitable 
habitat types (breeding, shelter and foraging habitats). 
At these times individuals require and find shelter 
under a wide range of objects and spend their time 
feeding on a range of invertebrate and even vertebrate 
prey. Even larger movements are made occasionally, 
with individuals being found 1-2 km from the breeding 
site and even as far as 10 km away (Pyke and White 
2001). Movements of this magnitude are probably not 
common, but data on this remains to be collected. 
Hamer et al. (2002) found however, that ponds isolated 
from suitable and occupied breeding sites by more 
than 500 m were unlikely to have this species present, 
suggesting that longer movements in that population 
were not common. Activity appears to be tied strongly 
to rainfall and so dry periods will see most or all 
animals hiding under shelter. These behaviours result 
in the species being observed in discrete localities that 
enhances our ability to effectively monitor the species 
as effort can be focused to these habitats. 


The Green and Golden Bell Frog is considered to be a 
colonising species, readily moving into newly created or 
disturbed sites and often vacating these over time as the 
sites mature and become less suitable habitat (Pyke and 
White 2001; but see Goldingay and Newell 2005a). The 
suitability may be determined by the degree of vegetation 
and the associated shading of the site for the adults and 
tadpoles, or may be related to competition with other 
species of frogs that move into the site as it “matures”. 
Loss of populations from sites then, is a natural and 
expected event over time if further disturbance does 
not occur. Traditional monitoring approaches consider 
extinction as a negative event even when it is balanced 
by a colonisation elsewhere. 

Count Based Monitoring 

Standard monitoring programs for frogs involve obtaining 
counts of selected populations on an annual basis and 
then comparing the counts to assess there are declines in 
the population(s) (e.g. Pierce and Gutzwiller 2004). This 
involves either counting the number of animals observed 
or the number of calling males through auditory surveys 
(see Zimmerman et al. 1994). Taking several counts 
within a year provides a mean number of animals or 
calling males and an estimate of the variance in numbers. 
These counts can then be compared statistically between 
years to determine if there is an increase or decline in the 
number of frogs present. 

The obvious problem with this method for Green and 
Golden Bell Frogs (and frogs in general) is that the 
counts can and do vary enormously within a season, 
often from week to week and even day to day. Variation 
in numbers of visible animals or calling males is most 
often simply a result of changing weather conditions 
(Krupa 1994; Spieler and Linsenmair 1999; Lemckert 
2001; Bulger et al. 2003; Penman et al. 2006). Unless 
surveys are timed to ensure counts are obtained in near 
identical weather conditions, large variations in counts 
are almost inevitable. For example, if counts in “good” 
conditions cannot be undertaken in one year or over 
one period of the year (due to climatic or logisitical 
constraints), no amount of other effort will be sufficient 
to produce comparable counts. This means that there 
is a relatively good chance of getting a reasonably large 
change in the animals observed even when there is no 
actual change in the number of animals present at sites. 

To examine this, we conducted a simulation based on 
count data presented by Goldingay and Newell (2005a) 
from Yuraygir National Park using the R statistical 
packgage (see http://www.r-project.org/). In the first 
season (August 1998 - March 1999) the authors 
surveyed the site on 9 occasions at approximately 
1-month intervals and recorded a mean of 12.8 frogs 
per survey with a standard deviation of 6.3. No 
other published data were available, however, based 
on our experience these values are consistent with 
survey results from other Green and Golden Bell Frog 
populations. Using this information we generated survey 
results using a normal distribution based on the mean 
and standard deviation listed above under scenarios of 
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5, 10, 20 and 50% annual declines in the mean (i.e. 
each year the population is x% less than the previous 
year). For each year, we used a simple t-test to compare 
the simulated survey results with those of time 0, i.e. 
the data from Goldingay and Newell (2005a). Each 
scenario was simulated 1000 times and the number of 
results significant at the p=0.05 level recorded. 

After a single year, the simulations suggest that using the 
count method will result in a 65% chance of detecting a 
50% decline in population size, a 7% chance for a 20% 
decline and less than 3% chance for detecting either a 
5 or 10% decline (Figure 1). After five years of declines, 
these values increase to 100% for a 50% annual decline, 
80% for a 20% annual decline, 26% for a 10% annual 
decline and only 7% for a 5% annual decline (Figure 1). 
These results indicate that the change in population size 
has to be catastrophic and over an extended time period 
to achieve a reasonable chance of detecting a significant 
drop in numbers. This suggests that when a statistically 
meaningful decline is detected it may easily be too late to 
take management actions to reverse the declines. 


Capture-Recapture Monitoring 

The second commonly used approach is to estimate the 
total adult population at a site by capture-mark-recapture 
(Goldingay and Newell 2005a,b). This usually involves 
capturing as many frogs at a site as possible, marking 
them individually, releasing them and then capturing as 
many frogs again as possible at later dates. Using a simple 
Peterson index (Krebs 1989), the population size can be 
estimated as the number of frogs marked in the first survey 
session divided by the proportion of animals captured in 
the second survey session that are marked. However, the 
highly variable and weather dependent behaviour of frogs 
(e.g. van de Mortel and Goldingay 1998; Lemckert 2001; 
Penman et al. 2006) means that captures also vary greatly 
between days leading to inaccuracy in estimates unless 
large amounts of effort are expended. We acknowledge 
that more complex (and potentially more accurate) 
techniques are available for estimating population size, 
however, the data required for such techniques are not 
available for the Green and Golden Bell Frog to simulate 
these approaches. 



Time (years) 


Figure I. Results of the simulation of population declines based on data from Goldingay and Newell (2005a). 


October 2008 


AuStra feDo !rls .» ( ™,«(3 ) 


375 





Penman and Lemckert 


We simulated the accuracy of this method for a virtual 
population of bell frogs. The simulations were based on a 
population of 100 frogs and the assumptions of the Peterson 
Index, i.e. all animals have an equal chance of being 
caught and there is no mortality or recruitment between 
surveys. Simulations were conducted for initial captures of 
30, 40, 50 and 60 frogs and captures in the second survey 
ranging from 20 to 100 at increments of 5. The proportion 
of recaptures was taken as a uniform distribution (equal 
probability of capture) between 0 and the # initial 
captures/# captures in the second survey. If the initial 
capture was greater than the total captured in the second 
survey, the distribution was taken between 0 and 1 (i.e. 
100% recaptures). Results of the simulations are presented 
in Figure 2, with the average predicted population estimate 
and the average upper and lower confidence limits to those 
estimates based on 1000 simulations. Predictions from this 
technique do not become accurate until the sum of the 
number of frogs caught in the first survey session (F) and 
the number of frogs caught in the second survey session 
(S) exceeds the total number of frogs in the population 
(N), i.e. F+S>N. While either survey session does not 
need to be a single night, it is unusual for more than 20 
frogs to be encountered at a site in any given night (Pyke 


and White 2001). To achieve accurate predictions of 
population size that will allow for the detection of changes 
in population size is likely to require at least three surveys 
in suitable climatic conditions per “survey session” and 
several more if conditions are sub-optimal, suggesting a 
minimum of six surveys for a population estimate. This 
makes this technique intensive and costly to conduct with 
few guarantees of success. 

Simulations of population estimates have highlighted 
another important issue when attempting to apply this 
technique. When F+S<N, population estimates are not 
only highly variable, but also significantly higher values 
are provided for the population size (Figure 2). To our 
knowledge, in only two cases have researchers made the 
important effort to publish their population estimates 
for the Green and Golden Bell Frog. These studies by 
Goldingay and Newell (2005a, b) provided the best 
estimates given the time and resources available and 
acknowledged the uncertainty in these estimates. Several 
others studies have appeared in unpublished reports 
(e.g. AMBS 2000, 2001) and also have large confidence 
intervals around the mean suggesting an insufficient 
number of animals have been captured and predictions 
regarding population size may be over-inflated. From a 






Figure 2. Population estimates based on initial captures of 30, 40, 50 and 60 green and golden bell frogs. Solid lines 
indicate the mean estimate based on 1000 simulations. Dotted lines indicate mean upper and lower estimates based 
on the 1000 simulations. 
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management and research perspective this is an extremely 
undesirable position particularly if the estimates in the 
reports were treated as being highly accurate population 
size estimates. Firstly, any change in population size 
cannot be reliably detected whether it is an increase or 
a decrease. Secondly, reporting of large population sizes 
provides an unrealistic view of the status of populations 
and of the species that could influence the urgency and 
nature of recovery actions for individual populations. 

Site Occupancy Models 

There has been considerable development in the field 
of detectability and site occupancy in recent years (e.g. 
MacKenzie et al. 2001, 2003; Wintle et al. 2004; Pellet and 
Schmidt 2005). These techniques are commonly being 
applied to development of fauna monitoring programs 
to ensure that land managers are able to maximise the 
output of the program and minimise costs. These models 
are based on meta-population theory and are ideally suited 
for monitoring programs that survey a number of clearly 
defined sites. Generally, the models are based on presence/ 
absence data, however, models have been developed to 
incorporate count data if desired (e.g. Royle et al. 2005). 

To estimate occupancy, software packages such as 
PRESENCE (see www.proteus.co.nz) simultaneously 
model detectability and occupancy to account for the issue 
of non-detection, i.e. a false negative (MacKenzie et al. 
2006). Using a logistic regression framework, detectability 
can be modelled as varying between surveys, in relation 
to either survey-specific factors (e.g. rainfall, presence 
of other species, pond depth) and site-specific factors 
(e.g. pond size, distance to urban interface, disturbance 
variables). In contrast, occupancy is assumed to be 
constant within a given season and can therefore only 
be modelled in relation to site-specific factors and/ 
or season. More complex models can be developed to 
model site-specific factors leading to either extinction or 
colonisation (MacKenzie et al. 2006). These models would 
be particularly relevant to a monitoring program for species 
in managed environments as the impact of management 
actions in a given season can be tested in the following 
seasons. Applying these models in a statistically rigorous 
manner will provide managers with better information 
on how to manage the species and provide scientists 
with greater understanding of the species’ ecology and 
population dynamics. 

The known biology of the Green and Golden Bell Frog 
appears to fit better into this approach to monitoring. 
Green and Golden Bell Frogs occupy relatively large 
numbers of ponds where they occur (AMBS 2000; 
Pyke and White 2001) and we can use these as distinct 
sites within a Site Occupancy Model. Sites within the 
model are not restricted to breeding sites and in the 
case of bell frogs could include soaks, drainage lines, 


temporary and ephemeral pools and wetlands, where 
these sites are regular shelter sites for individuals. The 
number of animals present is not important, just that 
they are present. Of greater importance is that this 
species does regularly attempt to colonise new sites and 
appears to disappear from old sites as they mature (part 
of being a colonising species). This appears to be the 
natural situation and may represent a metapopulation 
structuring of Green and Golden Bell Frog populations. 
Site occupancy modelling assesses the loss of these sites 
against balancing colonisations of previously unoccupied 
sites and considers the whole population of an area. 
Standard monitoring could see the decline and loss of site 
populations as serious problems without understanding 
the bigger picture. Furthermore, Site Occupancy Models 
address the issue of non-detections of the species when 
frogs are actually present and account for these in the 
modelling process, adding further to their rigor. 

Conclusions 

We believe that Site Occupancy Models hold considerable 
potential as means of monitoring larger populations of 
the Green and Golden Bell Frog, where there are many 
potential breeding and shelter sites available for use. We 
would like to carry out more effective simulations with a 
suitable data set to confirm our conclusions, but do not 
have available to us a suitable data set with which to do 
this. Published data are not suitable for simulations of 
Site Occupancy Models as they lack essential data on the 
number of visits to each individual site within an area and 
the number of presences and absences that were recorded 
for each site. Any simulation of such data would not be 
without bias and therefore not valid for a comparison 
of the other available techniques. Such datasets are 
available from monitoring programs at Flomebush Bay 
(AMBS 2001), Koorogang Island (e.g. Hamer etal. (2002) 
describe a dataset that would be ideal), Kurnell, Hat 
Head and Port Kernbla and we urge the holders of these 
data to try Site Occupancy Modelling and determine if it 
provides a more effective assessment of their data. Using 
this approach in a new monitoring program to test its 
efficacy also would be highly desirable, particularly where 
there are more (> 15) potentially occupied sites that are 
being monitored using a formal monitoring program to 
detect the presence of individuals. We say this because 
we can demonstrate that current monitoring methods 
are highly insensitive to detecting changes in populations 
without very large amounts of effort and a degree of good 
luck. Managing this species, particularly where we are 
modifying habitats in an attempt to increase its numbers, 
requires us to have a statistically sensitive means of 
detecting population changes in realistic time frames. 
Current monitoring methods seem highly unlikely to do 
this and Site Occupancy Models seem likely to provide a 
much better approach. 
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